where C s ͑ s ͒ is the ideal semiconductor capacitance. While a large frequency dispersion is often observed for high-k / III-V interfaces, modeling of the frequency dispersion shows that a measured 1 MHz high-frequency curve is sufficiently close to the ideal high-frequency curve to allow for the application of the Terman method. 6 For high-k / III-V interfaces, the ideal CV curve cannot be calculated "classically" as for dielectric-Si interfaces, 7 i.e., with the electron distribution given by the Boltzmann statistics. 5, 8 The latter is valid only if the Fermi level remains inside the semiconductor band gap for all gate biases. For III-V MOSCAPs, the Fermi level moves deep into the conduction band, 7 because of the low conduction band density of states ͑DOS͒. 9 In addition, the nonparabolicity of the ⌫ valley and population of the higher lying valleys at X and L must be taken into account in modeling C s ͑ s ͒.
In this letter, the Terman method is developed for high-k / III-V interfaces and applied to HfO 2 / In 0.53 Ga 0.47 As interfaces. We discuss potential sources of errors in the application of the method and develop criteria to establish Fermi level unpinning at high-k / III-V interfaces.
To apply Eq. ͑1͒, C s ͑ s ͒ is calculated:
The total charge Q s per unit area in the semiconductor is obtained from the electrostatic potential, ͑x͒ = ͑E F − E I ͒ / q, where E F is the extrinsic Fermi level and E I is the intrinsic energy level of the semiconductor. The Poisson equation relates the electrostatic potential to the charge density ͑x͒:
͑3͒
where N D and N A are the donor and acceptor concentrations, respectively, s is the semiconductor dielectric constant and p͓͑x͔͒ and n͓͑x͔͒ are the hole and electron densities, respectively, which depend on the electrostatic potential:
where ␣ i is the nonparabolicity factor for valley i, i = ͑E − E i ͒ / k B T the normalized electron kinetic energy, and ␦ i 
͑5͒
where s = s − b is the total band bending in the semiconductor, defined as the potential difference at the semiconductor surface s with respect to the bulk potential b . The total capacitance of the ideal MOSCAP is given by the following:
The gate voltage resulting in a band bending s is calculated
where ⌬ ms is the work function difference between gate metal and semiconductor. 5 Figures 1͑a͒ and 1͑b͒ show the total capacitance and band bending as a function of gate bias calculated from Eqs. ͑6͒ and ͑7͒ for a donor concentration N D =10 17 cm −3 and an equivalent oxide thickness ͑EOT͒ of 3 nm ͑C ox = 1.15 F / cm 2 ͒. The high frequency CV curve in inversion was calculated as described in Ref. 8 by taking the ac inversion layer polarization effect into account. In depletion, the high and low frequency capacitances are in good agreement. For comparison, also shown are CV and band bending calculated using the "classical" approximation, 5, 8 for a parabolic ⌫ in Eq. ͑4͒ and with ⌫ nonparabolicity but neglecting the population of the X and L valleys, respectively. The different approximations strongly affect the CV in accumulation. The classical CV curve does not reveal the asymmetry due to the different valence and conduction band DOS. The parabolic ⌫ valley approximation underestimates the semiconductor capacitance and overestimates the asymmetry because it underestimates the increase in Q s with band bending ͑at 1 V Q s is underestimated by 25%͒. The parabolic approximation overestimates the band bending in accumulation ͓Fig. 1͑b͔͒. In depletion and weak inversion Q s is governed by the immobile donors and details of the band approximation do not affect band bending-gate voltage relationship. The population of the higher lying valleys results in an upturn of the CV curve for gate voltages exceeding 1.5 V, or a positive band bending larger than 0. 4 measurements were performed at room temperature as a function of postdeposition annealing atmosphere, which affects the degree of Fermi level pinning and D it . 11 Figure 2 shows experimental and ideal CVs for the different approximations ͓Fig. 2͑a͔͒, extracted band bending ͓Fig. 2͑b͔͒, and D it ͓Fig. 2͑c͔͒ for a 9 nm HfO 2 film annealed in forming gas. The band bending exceeds half the band gap of In 0.53 Ga 0.47 As at the maximum applied negative voltage, indicating an unpinned Fermi level. It is best practice ͑see below͒ to use the accumulation capacitance to match the ideal CV curve to the experimental curve. C ox is estimated to be 2.20 F / cm 2 for this stack, resulting in a minimum D it of 1.14ϫ 10 13 eV −1 cm −2 . The estimated C ox agrees well that estimated from the dielectric constant obtained using a thickness series.
2 Using the parabolic ⌫ or classical approximations result in incorrect estimates for C ox . Errors in C ox , which scale with EOT, lead to errors in the extracted D it ͓see Eq. ͑1͔͒. The classical approximation underestimates C ox ͓dashed-dotted line in Fig. 2͑a͔͒ causing the extracted D it to be much lower than its actual value. The apparent upturn in D it near the valence band ͓Fig. 2͑c͔͒ is an artifact of the Terman method; as the slope of the CV curve decreases in depletion, errors in extracting the D it become too large to yield reliable results. Figure 3 shows the analysis for a 18 nm HfO 2 film annealed in nitrogen. For this stack, the capacitance at negative gate bias does not reach the minimum capacitance ͓solid red line in Fig. 3͑a͔͒ , indicating that the semiconductor is not fully depleted because the Fermi level is pinned around midgap. Furthermore, the band bending near midgap is limited ͓Fig. 3͑b͔͒. In contrast to the forming gas annealed stack ͓Fig. 2͑c͔͒, this stack shows a D it peak near midgap. Forming gas anneals reduce midgap D it by an order of magnitude, as comparison of the solid red lines in Figs. 2͑c͒ and 3͑c͒ shows. For stacks with a pinned Fermi level, fitting the ideal CV curve to the minimum capacitance ͓as is done for the dashed curve in Fig. 3͑a͔͒ is not good practice. It causes an overestimation of the dopant concentration, stretching the ideal CV curve, resulting in a severe overestimation of the band bending ͓dashed curve in Fig. 3͑b͔͒ , leading to incorrect claims of Fermi level unpinning, and underestimation of D it ͓dashed curve in Fig. 3͑c͔͒ .
The results show that the Terman method gives reliable estimates of D it and band bending provided that the details of the semiconductor band structure are correctly modeled and the semiconductor dopant concentration is known. For n-type channels, the Terman method can be used to establish Fermi level unpinning around midgap. In particular, the minimum high frequency capacitance must match the calculated value for the given dopant concentration and the band bending must exceed half of the semiconductor band gap. FIG. 3 . ͑Color online͒ ͑a͒ Comparison of an experimental 1 MHz CV curve of a nitrogen gas annealed MOSCAP with 18 nm HfO 2 ͑symbols͒ with modeled CV curves using the nonparabolic ⌫ valley approximation. The modeled CVs are for a donor concentration of 1 ϫ 10 17 cm −3 ͑solid red line͒, which corresponds to the experimental concentration and a donor concentration of 2 ϫ 10 17 cm −3 ͑dashed black line͒, respectively. ͑b͒ Experimental band bending obtained from comparisons of experimental and modeled CVs. ͑c͒ Extracted D it .
